Background {#Sec1}
==========

Pluripotent stem cells (PSCs) including embryonic stem (ES) and induced pluripotent stem (iPS) cells have been studied for differentiation into gametes but the goal to achieve normal gametes to treat infertility still remains a distant dream \[[@CR1]\]. The progress made in the field over the last decade in this area was recently reviewed by several groups \[[@CR2]-[@CR5]\]. PSCs easily differentiate into germ cells but their further differentiation into functional, haploid gametes remains highly inefficient. Mouse ES cells have been differentiated into both oocyte-like structures \[[@CR6]\] and sperm-like structures \[[@CR7]\] with the birth of live offspring using male germ cells after intra cytoplasmic sperm injection. However, the pups born were phenotypically abnormal and died pre-maturely, possibly because of abnormal epigenetic status of the gametes generated *in vitro*. By genetic modifications, human ES and iPS cells were differentiated into germ cells that underwent complete meiosis \[[@CR8],[@CR9]\]. Eguizabal et al \[[@CR10]\] achieved complete meiosis using human iPS cells, but the efficiency remains relatively low.

Against this background, there is yet another novel PSCs population which exists in various adult organs \[[@CR11]\] including gonads \[[@CR12],[@CR13]\]. These are termed very small embryonic-like stem cells (VSELs) and have been well-characterized in mouse and human testicular tissue \[[@CR11],[@CR14],[@CR15]\]. They are distinctly spherical cells, very small in size (3 - 5 μm) with high nucleo-cytoplasmic ratio. They are very few in number and exist in relatively quiescent state under steady-state conditions, possibly because of partially erased imprinting and over-expression of cell cycle inhibitory genes \[[@CR16]\]. Besides VSELs, body organs also harbor tissue-specific progenitor stem cells which are slightly bigger in size, proliferate rapidly, undergo clonal expansion and further differentiate into tissue specific cell types e.g. hematopoietic (HSCs) and mesenchymal (MSCs) stem cells in bone marrow, spermatogonial stem cells (SSCs) in testis, ovarian stem cells in ovary (OSCs) etc. Under stress conditions like exposure to neurotoxins, stroke, retinal damage, skin burns, streptozotocin treatment etc. VSELs readily enter cell cycle, expand in numbers and are mobilized in circulation \[[@CR17],[@CR18]\]. Transcripts specific to the damaged organ can also be detected in the mobilized cells i.e. VSELs divide and also give rise to tissue-specific progenitors. It is this property of VSELs of getting mobilized in busulphan and cyclophosphamide treated mice (resulting in compromised gonadal function) that germ cell markers were possibly reported in circulation \[[@CR19]\] leading to the conclusion that bone marrow is a source of germ cells. Ratajczak's group has also proposed that VSELs are possibly the embryonic remnants that result in various cancers in adults \[[@CR20]\] and we have recently discussed their involvement in adult ovarian biology, failure, menopause and cancer \[[@CR21]\].

LIN-/CD45-/SCA1+ VSELs comprise 0.03 ± 0.002% of cells in adult mouse testis. Immuno-phenotyping studies reveal that unlike bigger spermatogonial stem cells (SSCs) which are more than 10 μm in size and GFRA positive, VSELs are smaller in size, negative for GFRA and express pluripotent transcripts including nuclear OCT-4. VSELs are possibly the pluripotent primordial germ cells which survive in adult testis in small numbers. They undergo asymmetric cell division to self-renew themselves and also give rise to SSCs which express cytoplasmic OCT-4, divide rapidly and further differentiate into sperm \[[@CR15]\]. VSELs could be the cancer initiating cells in testis since nuclear OCT-4 is a specific and sensitive marker for testicular tumors \[[@CR22],[@CR23]\] and also may have been responsible for the appearance of ES-like colonies when testicular tissue was cultured by various groups \[[@CR24]\].

Of the four different doses of busulphan used by us to treat mice in an earlier study, the dose of 25 mg/Kg resulted in nearly complete testicular ablation associated with significant loss of Dazl and Gfra at both mRNA and protein level \[[@CR14]\]. However, VSELs survived due to their relatively quiescent nature and flow cytometry studies revealed that VSELs numbers increased from 0.03 ± 0.002% in normal testis to 0.06 ± .004% after busulphan treatment. Further the surviving testicular VSELs were able to restore spermatogenesis *in vivo* on inter-tubular transplantation of healthy Sertoli or mesenchymal cells \[see Additional file [1](#MOESM1){ref-type="media"} for further details\]. The increase in number of testicular VSELs in busulphan treated testis was similar to an earlier report where Ratajczak et al \[[@CR25]\] reported that VSELs survive total body irradiation in mouse bone marrow and are increased in numbers as evident by increased BrdU uptake by flow cytometry. A significant depletion of hematopoietic stem cells (HSCs) was observed by them after radiotherapy similar to a loss of SSCs in testis observed by us after busulphan treatment. Possibly the chemo- and radiotherapy destroys the micro-environment (niche supporting the stem cells) in both the bone marrow and testis, and as a result the surviving VSELs are able to proliferate and increase in numbers but cannot differentiate (since the growth factors/cytokines required for differentiation are not available due to the compromised nature of the niche). Recently it was reported by our group that busulphan and cyclophosphamide treatment depletes mice ovaries of follicular reserve but VSELs survive, increase in numbers in response to follicle stimulating hormone treatment and also undergo spontaneous differentiation *in vitro* into oocyte-like structures \[[@CR26]\]. Our group has also earlier reported that *in vitro* culture of VSELs enriched from adult mammalian (human, sheep, monkey and rabbit) ovary surface epithelium spontaneously differentiate into oocyte-like structures in a very simple culture medium (with no additional cocktail of growth factors) within three weeks; whereas the epithelial cells differentiate into mesenchymal-like fibroblasts and act essentially as a source of growth factors and cytokines required for the differentiation of oocyte-like structures \[[@CR27],[@CR28]\].

The aim of the present study was to study the *in vitro* differentiation potential of surviving stem cells collected from busulphan treated mouse testis. For this, cells collected by enzymatic digestion of seminiferous tubules (VSELs, possibly few spermatogonial stem cells and Sertoli cells) were used to establish primary cultures. Results show that the whole process of spermatogenesis gets replicated *in vitro* in basic culture medium.

Methods {#Sec2}
=======

The study was approved by the Institute's Animal Ethics Committee (IAEC). Adult male Swiss mice maintained in the Institute experimental animal facility were used for the study. They were housed in a temperature and humidity controlled room on a 12 hour light/12 hour darkness cycle with free access to food and water. Eight weeks old Swiss mice were treated with busulphan (25 mg/Kg body weight through intraperitoneal route; body weight; Sigma-Aldrich, USA). One month after the treatment, mice were sacrificed by cervical dislocation; testes were collected and further processed for the study.

As reported earlier by our group, this dose of busulphan caused effective loss of SSCs and germ cell aplasia evidenced by histology, significant reduction of transcripts specific for SSCs (Gfra) and germ cells (*Dazl )* and also at protein level for DAZL. Besides the Sertoli cells, relatively quiescent VSELs were found to persist and increase in numbers as confirmed by flow cytometry and higher expression of specific transcripts *Oct-4A* and Sca-1 by qRT-PCR studies \[[@CR14], Additional file [1](#MOESM1){ref-type="media"}\].

Preparation of testicular cell suspension {#Sec3}
-----------------------------------------

Testes were washed with phosphate buffer saline (PBS) supplemented with penicillin 100 U/ml and streptomycin 100 mg/ml. All reagents were from Invitrogen (USA) unless otherwise specified. Single cell suspension of testicular cells was obtained by a two-step enzymatic process as described earlier \[[@CR14]\]. Briefly, this involved detunication of testes, washing the tubules in PBS followed by sequential enzymatic digestion with 1mg/ml collagenase IV and 0.25% trypsin EDTA and pipetting. The cell suspension was filtered through 40 μm cell strainer (BD Falcon; USA). This single cell suspension was washed twice again with PBS by centrifugation at 1000 g at 4°C for 10 minutes and cells were used to determine viability and for *in vitro* culture. Initial cell viability was always found to be greater than 95% by trypan blue exclusion method.

The cells suspension obtained by digesting the testicular tissue was heterogeneous in nature and different strategies were used to further enrich the surviving VSELs including (i) differential plating i.e. cells suspension was plated in 35 mm culture dish, Sertoli cells attached overnight and unattached floating cells were collected next day for the study (ii) immuno-magnetic enrichment of SCA-1 sorted cells (described below) (iii) differential centrifugation, which involved initial centrifugation at 500 rpm for 10 minutes that allowed larger cells to settle down and VSELs in supernatant were later pelleted down at a higher speed of 1000 g and used for *in vitro* culture.

Magnetic sorting of SCA-1 positive cells from busulphan treated mice testes {#Sec4}
---------------------------------------------------------------------------

SCA-1 positive cells were magnetically separated using SCA-1-FITC antibody (BD Biosciences, USA) and Easysep kit (Stem Cell Technology, USA) according to manufacturer's instructions. Briefly, the mouse testicular cell suspension was sequentially incubated with blocking solution (provided in the kit), SCA-1 antibody, selection cocktail and magnetic nanoparticles. Then, the cell suspension was placed on a magnet and the positive cells were selected. Magnetically enriched SCA-1 positive cells were used for *in vitro* culture.

Preparation of Sertoli cells conditioned medium {#Sec5}
-----------------------------------------------

Sertoli cells are known to provide various growth factors in a paracrine manner for germ cells to undergo spermatogenesis \[[@CR14]\]. Hence a medium conditioned with Sertoli cells was used for the present study. To obtain conditioned media, Sertoli cells from normal adult mice were cultured to confluence. Fresh medium (DMEM F12 with 10% FBS) was added and harvested after overnight incubation with Sertoli cells. This media was filtered and stored at -20^°^C till further use.

In vitro culture {#Sec6}
----------------

All cultures were carried out in 35 mm dish and maintained at 37°C in humidified 5% CO~2~ atmosphere. Cells for initial seeding, obtained and enriched for VSELs as described above, were cultured using Sertoli cells conditioned media supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin and follicle stimulating hormone (5 IU/ml). During culture, the media was changed partially every second day and care was taken not to disturb the cells in culture too much. The cultures were monitored over time and images were captured under inverted microscope (TE200, NIKON, Japan). The cultures were established five times.

RNA isolation and cDNA synthesis {#Sec7}
--------------------------------

Testicular cells were fixed in Trizol (Invitrogen) for RNA extraction at the start of culture (D0) and on day 7 (D7) after culture. Total RNA was extracted using standard protocol and was treated with DNase I (Fermentas Life Sciences, USA) to remove any genomic DNA contamination. First-strand cDNA was synthesized using the iScript cDNA synthesis Kit (Bio-Rad, USA) according to the manufacturer's instructions. Briefly, 1 μg of total RNA was incubated with 5X iScript reaction mix and reverse transcriptase mix. The reaction was carried out in G-STORM thermocycler (Gene Technologies, UK). The reaction mix was first incubated at 25°C for 5minutes, then at 42°C for 30 minutes and finally at 85°C for 5 minutes.

RT PCR studies {#Sec8}
--------------

PCR was performed to confirm the presence of spermatogenesis specific transcripts including *Dazl* (germ cell), *Gfra* (spermatogonial stem cell), *prohibitin* (meiotic) and *protamine* (post-meiotic) markers using specific primers and PCR conditions (Table [1](#Tab1){ref-type="table"}). cDNA mix (2 μl) was amplified using 10 pmol of each primer, 1 U of Taq DNA polymerase (Fermentas), 1.5 mM MgCl2, and 0.4 mM dNTPs in a 25 ml reaction volume in a G-STORM thermocycler. Amplification was carried out for 35 cycles, with each cycle consisting of denaturation at 94°C for 30 seconds, annealing at the specified temperature for each set of primers for 30 seconds, elongation for 30 seconds and final extension at 72°C for 7 minutes. The products were analyzed on 1.5% agarose gel stained with 0.5 mg/ml ethidium bromide (Bangalore Genei; India) and visualized under ultraviolet transillumination. The product size was approximated using a 100-bp DNA ladder (Bangalore Genei). The negative control did not include cDNA in the reaction mixture.Table 1**Primer sequences for various transcripts used in the studyPrimerSequenceAnnealing temperature**Sca-1FAGAGGAAGTTTTATCTGTGCAGCCC66°CRTCCACAATAACTGCTGCCTCCTGAGfraFGGCCTACTCGGGACTGATTGG58°CRGGGAGGAGCAGCCATTGATTTProhibitinFGTGGCGTACAGGACATTGTG58°CRAGCTCTCGCTGGGTAATCAAProtamineFGGCCACCACCACCACAGACACAGGCG66°CRTTAGTGATGGTGCCTCCTACATTTCCDazlFGTGTGTCGAAGGGCTATGGAT61°CRACAGGCAGCTGATATCCAGTGPCNAF5′ GATGCCGTCGGGTGAATTTG 3′55°CR5′ TCTCTATGGTTACCGCCTCCT 3′SCP3F5′ TGTTGCAGCAGTGGGAACTGGAT 3′68°CR5′ CCATCTCTTGCTGCTGAGTTTCCA 3′18sF5′ GTCCCGTAGACAAAATGGTGA 3′58°CR5′ TGCATTGCTGACAATCTTGAG 3′GapdhFGTCCCGTAGACAAAATGGTGA58°CRTGCATTGCTGACAATCTTGAG

Quantitative RT-PCR studies {#Sec9}
---------------------------

The expression levels of various gene transcripts were studied on day 7 compared to initial cells that were put in culture using specific primers (Table [1](#Tab1){ref-type="table"}) by qRT-PCR studies. This included *Sca-1, Gfra, Pcna, Scp3, prohibitin and protamine* with 18s as housekeeping gene using CFX96 real-time PCR system (Bio-Rad Laboratories, USA) and SYBR Green chemistry (Bio-Rad). The amplification conditions included initial denaturation at 94°C for 3 minutes followed by 40 cycles comprising of denaturation at 94°C for 10 seconds, primer annealing for 20 seconds, and extension at 72°C for 30 seconds followed by melt curve analysis step from 55°C to 95°C. The fluorescence emitted at each cycle was collected during the extension step of each cycle. The homogeneity of the PCR amplicons was verified by running the products on 1.5% agarose gels and also by studying the melt curve. All PCR amplifications were carried out in duplicate. Mean Ct values generated in each experiment using the CFX Manager software (Bio-Rad) were used to calculate the mRNA expression levels. The fold change was calculated using ΔΔCt method. The Q-PCR studies were done on two independent cultures and results analyzed separately.

Results {#Sec10}
=======

The culture experiments were repeated five times using cells suspension from chemoablated testis with VSELs enriched using three different approaches as described in the Methods section. We obtained similar results however initial presence of few spermatogonial cells which may also have survived busulphan treatment cannot be ruled out in our generic cultures. This was anyways not an issue of great concern to us as we have earlier reported that VSELs are the quiescent stem cells which undergo asymmetric cell division to give rise to the SSCs which further undergo symmetric cell divisions, proliferate rapidly, differentiate, undergo meiosis to produce sperm \[[@CR16]\]. The underlying reasoning behind our belief that VSELs give rise to SSCs is the different OCT-4 staining pattern observed in the two cell types (nuclear vs cytoplasmic). Nuclear OCT-4 is a transcription factor required to maintain pluripotent state and when differentiation is initiated, OCT-4 is no longer required, shifts to cytoplasm and gets eventually degraded \[[@CR13]-[@CR15]\]. Thus in our present study we expected VSELs will always give rise to SSCs which will further differentiate, undergo meiosis and produce sperm.

The cells (VSELs, possibly few spermatogonial stem cells and Sertoli cells) were studied after overnight seeding and two distinct populations of cells comprising the bigger Sertoli cells and distinctly spherical stem cells could be observed at lower magnification (Figure [1](#Fig1){ref-type="fig"}A). Sertoli cells were attached to the culture surface whereas the stem cells were not attached. At higher magnification (Figure [1](#Fig1){ref-type="fig"}B), two different size of stem cells were clearly visible including the smaller VSELs and slightly bigger SSCs. At places asymmetric cell division of VSELs giving rise to the SSCs could be observed (broken circles, Figure [1](#Fig1){ref-type="fig"}B&E). SSCs appeared to undergo rapid divisions, formed chains with incomplete cytokinesis (arrow, Figure [1](#Fig1){ref-type="fig"}B-E) and by days 3-7, clusters of germ cells were observed (Figure [1](#Fig1){ref-type="fig"}F&G) possibly reflecting clonal expansion of SSCs with incomplete cytokinesis. The germ cells were often observed in close association with Sertoli cells which were attached and differentiated into large mesenchymal-like fibroblasts (Figure [1](#Fig1){ref-type="fig"}C-E). The close association of differentiating germ cells with the mesenchymal cells was remarkable and observed on Day 7 also (Figure [2](#Fig2){ref-type="fig"}A) and possibly the somatic cells provided the 'niche' (source of growth factors) for germ cells differentiation. Similar close association of germ cells with mesenchymal cells has been observed during ovarian cultures also \[[@CR26]-[@CR28]\]. By day 10- 21 we observed germ cells in different stages of differentiation - implying that it is not a synchronous culture that we have developed -rather cells are in different stage of differentiation. Round to elongated spermatid undergoing various stages of spermiogenesis i.e. transition of spermatid into sperm was clearly visualized by Day 21 in culture (Figure [2](#Fig2){ref-type="fig"}C) under stereo microscope and after H & E staining (Figure [3](#Fig3){ref-type="fig"}). Elongated spermatid with cytoplasm covering the sperm head and part of tail were also visualized (Figure [3](#Fig3){ref-type="fig"}D-G). Excess cytoplasm was eventually lost as residual bodies (Figure [3](#Fig3){ref-type="fig"}H). Mature spermatozoa with characteristic hook shaped head and a distinct mid piece were visualized easily. It was observed that the sperm existed singly as well as in small clusters (Figure [3](#Fig3){ref-type="fig"}) with pink-stained cytoplasm covering the mid region. The cytoplasmic lobes appeared fused at places and are described as 'residual bodies\' in literature. Sperm showed certain degree of motility in the culture (Additional files [2](#MOESM2){ref-type="media"} and [3](#MOESM3){ref-type="media"}).Figure 1Testicular cells from chemoablated mouse after overnight culture. **(A)** Cells obtained after two-step enzymatic digestion of seminiferous tubules from busulphan treated mice were cultured. After overnight culture, two distinct cell types including attached polygonal Sertoli cells and few spherical stem cells (which remain unattached) were clearly visualized. **(B)** At higher magnification, spherical stem cells of two distinct sizes were observed. VSELs (small sized) appeared to give rise to bigger sized spermatogonial stem cells (SSCs, broken circle) and the SSCs divide rapidly and form chains (arrow). Results are in agreement with earlier proposed concept \[[@CR15]\] that upon differentiation, small sized pluripotent VSELs with nuclear OCT-4 give rise to slightly bigger 'progenitors' with cytoplasmic OCT-4. VSELs undergo asymmetric cell division including self-renewal and giving rise to slightly bigger cells (broken circle) whereas the progenitors undergo rapid symmetrical divisions (arrow). **(C-G)** On day 3, the Sertoli cells appear well attached to the bottom of the culture dish as mesenchymal-like fibroblasts and apparently provide a somatic feeder support to the germ cells. Germ cells (arrow, remain unattached) were observed in close vicinity of Sertoli cells. We also observed few floating germ cell clusters which reflect clonal expansion of progenitors. Similar germ cells clusters were also reported in adult mouse ovary \[[@CR13]\].Figure 2Testicular cells from chemoablated mouse in culture. **(A)** Higher magnification of cells in culture to show a close association of differentiating germ cells with the attached Sertoli cells which resemble mesenchymal fibroblasts. **(B)** Different sized cells were observed in the culture suggestive of the presence of meiotic and post-meiotic germ cells. At places, initial stages of spermiogenesis were observed including spermatids in different stages of development. These cells which appear over time as a result of differentiation were completely lacking in initial cultures. **(C)** Sperm were observed after 2 weeks of culture. Lower panel. RT-PCR analysis of RNA isolated from cells harvested on Day 7 cultures showed presence of Gfra, Dazl, protamine, prohibitin suggestive of presence of spermatogonial stem cells, germ cells, spermatocytes and sperm in culture. These cultures were neither homogenous nor synchronized, rather comprised cells in various stages of differentiation.Figure 3Hematoxylin and Eosin stained smears on Day 21. **(A-G)** Various stages of spermiogenesis were evident as described in literature \[[@CR42]\]. Round spermatocytes with protruding tail, spermatid, elongated spermatid with prominent tail, with residual cytoplasmic bodies, fully mature sperm with a long tail, hook shaped head and prominent mid-piece were observed. **(H-I)** At places sperm were observed in clusters with their heads embedded in residual cytoplasmic body.

Cells were harvested 7 days after seeding to evaluate progression of spermatogenesis by RT-PCR. *Gfra, prohibitin and protamine* were found to be expressed on day 7 (Figure [2](#Fig2){ref-type="fig"}, bottom panel). Quantitative RT-PCR analysis to study transcripts specific for stem cells (*Sca-1, Gfra*), proliferation (*Pcna*), meiosis (*Scp3*), pre-meiotic stage (*prohibitin*) and post-meiotic sperm (*protamine*) were repeated twice and results are represented individually for both the experiments (Figure [4](#Fig4){ref-type="fig"}). A distinct up regulation of various transcripts suggest the proliferation of stem cells and their progression/differentiation (spermatogenesis as well as spermiogenesis) into sperm *in vitro*.Figure 4Quantitative RT-PCR data from two independent cultures on D7 compared to cells used for seeding (D0). An upregulation was noted for various transcripts but apparently the response in the cultures differed. An upregulation (\> 40 folds) of Sca-1 in both the cultures was suggestive of self-renewal of VSELs in culture as Sca-1 is a marker for mouse VSELs \[[@CR11]\]. An increase in Gfra (marker specific for spermatogonial stem cells) suggested proliferation of spermatogonial stem cells. Increased proliferative activity in VSELs as well as SSCs was confirmed even by upregulation of Pcna in both the cultures. Cells in the culture underwent meiosis as Scp3 and prohibitin (spermatocytes specific marker) transcript were upregulated *in vitro*. Protamine (post-meiotic marker for spermatid and sperm) transcript was also found upregulated suggesting differentiation of sperm in both the cultures (\>1200 folds in one culture and \> 40 folds in another). Variability in extent of upregulation of various transcripts during spontaneous differentiation of stem cells into sperm in the two cultures reflects biological variability and different stage of differentiation when cells were harvested for RNA extraction. However, in both cultures proliferation of cells and differentiation into sperm occurred.

Discussion {#Sec11}
==========

Present study demonstrates for the first time that testicular cells (enriched for quiescent VSELs) which survive busulphan treatment in adult mice testis undergo spontaneous proliferation, clonal expansion, differentiation and meiosis resulting in sperm formation during *in vitro* culture for 3 weeks. We reported similar ability of human, sheep, monkey and rabbit ovarian VSELs enriched in ovary surface epithelium in 2011 \[[@CR27]\] and recently in mouse ovary \[[@CR26]\] to differentiate spontaneously into oocyte-like structures *in vitro*. Remarkable feature of the present study is that no additional growth factors were added to support differentiation and meiosis of germ cells. Rather conditioned medium from Sertoli cells culture was used and Sertoli cells that survive busulphan treatment attach to the bottom of the dish and provide a somatic support to the differentiating stem cells. It was difficult to make any quantification or ascertain the efficiency of the process of *in vitro* spermatogenesis implying how many VSELs/SSCs can give rise to how many sperm- rather the present study is more of an observational study and that all the 5 times the cultures were set up - sperm were invariably obtained at the end.

Although VSELs exist as a small sub-population comprising approximately 0.03% cells in normal testis, the numbers almost double after busulphan treatment \[[@CR14]\]. In culture, VSELs underwent asymmetric cell division to give rise to the SSCs which divided in a symmetric manner and increased in numbers as chains and underwent clonal expansion to form clusters in agreement with published data in human testis \[[@CR15]\]. Thus it is the true pluripotent stem cell state of VSELs which accounts for the remarkable differentiation observed in the present study. The increased numbers of VSELs and SSCs *in vitro* is further supported by more than 40-60 folds up-regulation of *Sca-1*and also around 8 fold increase in *Gfra t*ranscripts by qRT-PCR. Elevated levels of *Sca-1* in both the culture samples analyzed by qRT-PCR was associated with low level of *Gfra* expression in one of the sample and this perhaps represents different state of proliferation/differentiation of the cells in culture taken for RNA extraction.

Whether a small population of SSCs survives after treatment depends on the dose of busulphan used. They may survive because this could only explain the spontaneous and endogenous recovery later on in certain cases. The concept that VSELs exist in testes, survive because of their quiescent status and may be responsible for endogenous recovery of spermatogonial cells are novel concepts in testicular biology put forth for the first time by our group. Similarly VSELs survive in adult mouse ovary after chemotherapy and are responsible for endogenous recovery of oocytes \[[@CR26]\]. Choi et al \[[@CR29]\] discussed that a sub-population of SSCs may be quiescent and escape damage by busulphan treatment whereas Zohni et al \[[@CR30]\] reported that more than 95% of SSCs are destroyed within three days of busulphan treatment (irrespective of the dose) and the recovery observed after 10-12 weeks depends on the dose of busulphan. At four weeks after busulphan treatment, when cells were collected to establish cultures, SSCs remain undetectable. Thus over time it is the VSELs which may have given rise to SSCs to restore testicular function, but remained undetected till date because of their very small size. There is no need to compare or deliberate on the potential of VSELs and SSCs to give rise to sperm *in vitro* because VSELs invariably will give rise to SSCs which will further differentiate into sperm. The concept that VSELs give rise to SSCs was proposed by us \[[@CR16]\] based on OCT-4 staining pattern observed while studying human testicular tissue. Being a transcription factor, OCT-4 acts by binding to DNA and regulates the expression of several genes. It is crucial for pluripotency & self-renewal and silencing OCT-4 results in differentiation of ES cells \[[@CR31]\]. Similar OCT-4 isoforms are described in ovary by others also \[[@CR32]\]. Being pluripotent VSELs express nuclear OCT-4 which is no longer required to maintain the pluripotent state, shifts to the cytoplasm in the immediate descendants SSCs and eventually disappears upon further differentiation.

Correct meiotic progression *in vitro* has remained the major bottle-neck and various groups have used chemicals like retinoic acid for meiotic entry of germ cells \[[@CR33]\]. The successful results in the present study are attributed to the healthy niche/physical support provided by the attached Sertoli cells to the developing germ cells and use of conditioned medium from healthy Sertoli cells. Similar differentiation potential of ovarian VSELs lodged in the ovary surface epithelium into oocyte-like structures *in vitro* was reported earlier by our group \[[@CR26]-[@CR28]\]. Thus the testicular cells cultures in the present study were established with a conviction and we wanted to ascertain whether testicular VSELs behave the same way as ovarian VSELs.

Considerable progress has been made by various groups to demonstrate spermatogenesis *in vitro* and was recently reviewed \[[@CR2],[@CR4],[@CR34]\]. Sato et al \[[@CR35]\] produced functional sperm from neonatal mouse testes using an organ culture method and also produced healthy and reproductively competent offspring using spermatid and sperm for micro-insemination. Abu Elhija et al \[[@CR36]\] reported that germ cells from 7 days old immature mice can be expanded and differentiated in a soft agar 3D culture to produce morphologically normal sperm. The importance of microenvironment 'niche' to achieve stem cells proliferation/ differentiation has gained considerable importance \[[@CR37]\] and also in the field of testicular stem cells and thus a thrust on use of 3D culture in place of conventional 2D culture in Petri dish \[[@CR34],[@CR38]\]. However, as recently concluded by Stukenborg's group \[[@CR34]\] much more remains to be achieved to successfully achieve meiosis *in vitro* since the support provided by Sertoli cells and peritubular cells *in vivo* could not be replicated *in vitro* and also even though several combinations of culture media were tried, none was competent enough to support complete spermatogenesis.

The Views and Reviews section in Fertility Sterility published in January 2014 concludes that the field of obtaining gametes from pluripotent stem cells remains a distant dream and much more remains to be achieved on the bench before moving to the clinic \[[@CR1]\]. The remarkable ability of VSELs to differentiate into gametes *in vitro*, unlike the ES/iPS cells lies in their source of origin during development and was recently discussed by us in details. It is the distinct epigenetic status of the VSELs and their close similarity to PGCs confers on them the superior ability to spontaneously differentiate into sperm compared to ES/iPS cells \[[@CR39]\]. Recently Surani\'s group reported SOX 17 as an important specifier to convert ES/iPS cells into PGCs \[[@CR40]\]. But VSELs are indeed PGCs that survive in small numbers in adult gonads and thus may prove to be ideal endogenous pluripotent stem cell candidates to restore fertility in cancer survivors. They survive oncotherapy and thus there may be no need to cryopreserve the testicular tissue from pre-pubertal boys who cannot provide sperm for banking. Our studies have shown both *in vitro* (present study) and *in vivo* \[[@CR15]\] potential of VSELs to undergo spermatogenesis. The sperm produced after improving the niche in chemoablated testis \[[@CR15]\], traverse the epididymis and accumulate in large numbers in the cauda after cell therapy compared to vehicle transplanted group, show normal motility and also have potential to fertilize the oocytes *in vitro*. Similar experiments need to be urgently undertaken using human testicular biopsies from azoospermic cancer survivors. Differences exist between mice and men and the question remains whether our work in mice has relevance to humans. Our clinical collaborators have observed similar VSELs in adult azoospermic survivors of childhood cancer patients (unpublished data of Dr Purna Kurkure at Tata Memorial Hospital, Mumbai). We are not advocating obtaining sperm *in vitro* for clinical use. We will rather take advantage of Mother Nature and prefer to restore spermatogenesis by providing a healthy niche *in situ* as described in our recent study \[[@CR15]\]. Obtaining sperm *in vitro* will always have associated epigenetic concerns and results of the present study only demonstrate the differentiation potential of VSELs to the scientific community.

The scientific community needs to take note of this novel population of pluripotent stem cells that exist in adult testis and exploit their potential. Importance of a healthy niche/ microenvironment also needs to be appreciated. Several decades of research targeted the 'seeds' for fertility preservation; little realizing that it is the soil that needs to be rejuvenated. The results of present study and our recently published studies \[[@CR15],[@CR26]\] imply that endogenous VSELs that survive oncotherapy could be exploited to restore normal fertility in cancer survivors. However, studies in higher animal models and pilot clinical studies are warranted before extrapolating these results to clinics. In addition to cryopreserving sperm and testicular biopsy as a source of germ cells; Sertoli cells should be collected, expanded and stored prior to oncotherapy. The Sertoli cells may be later injected through inter-tubular route as a simple OPD procedure hopefully to restore normal fertility. As an alternative mesenchymal cells (from autologus adipose tissue or bone marrow) could also benefit existing azoospermic survivors who were deprived of sperm banking prior to therapy. Our results provide a paradigm shift, have translational potential and provide alternate options which may prove to be more practical and affordable than currently available options to achieve biological parenthood in cancer survivors. Further studies are required to be undertaken by independent groups to confirm existence of nuclear OCT-4 expressing VSELs in adult testis and ovaries and their potential to regenerate chemoablated gonads. It is the pluripotent primordial germ cells (express nuclear OCT-4) that migrate into the gonadal ridge and give rise to germ cells during early development possibly survive in adult gonads as VSELs. It was just providing the correct niche that resulted in successful stem cell biology *in vitro* in the present study. Importance of the niche was highlighted in a focus issue on Regenerative Medicine recently published in the journal Nature Medicine \[[@CR41]\].

Conclusions {#Sec12}
===========

To conclude, it is possible to coax VSELs that survive busulphan treatment in mice testis to undergo spermatogenesis *in vitro*. This better potential of VSELs compared to ES/iPS cells is because they are the PGCs surviving in adult testis. PGCs are more mature and pre-programmed to easily differentiate into gametes compared to inner cell mass cells in a blastocyst from which ES cells are derived. However, for clinical applications we advocate to restore spermatogenesis by providing a healthy niche *in vivo* as reported earlier \[[@CR15]\] rather than *in vitro* maturation. The *in vivo* re-initiation of spermatogenesis by injecting healthy niche cells may provide normal fertility and biological parenthood to cancer survivors with minimal safety, ethical, regulatory and societal concerns.

Additional files {#Sec13}
================

Additional file 1:**Supplemental Article file S1.** Very small embryonic-like stem cells survive and restore spermatogenesis after busulphan treatment in mouse testis. Full text of reference number 14.Additional file 2:**Supplemental Video S1.** Dynamic nature of culture after 3 weeks showing subtle movement of sperm with hook-shaped head and well-defined tail.Additional file 3:**Supplemental Video S2.** Another field of culture showing sperm after 3 weeks of culture.
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